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 Abstract:  First,  estimates are made of the luminosities at  AA 3914 , 5577, and 6300 
 resulting from the isotropic incidence of mono-energy electrons precipitating into the  at-
mosphere.  _.is the incident energy of electrons increases , the  height at which the ex-
citation rate maximizies is lowered .  In the lower region of the atmosphere , the excita-
tion rate of  C) relative to that of  N2+ decreases because of the  smaller fraction of atomic 
 iecvgen . and further, the 01 line emissions are extremely suppressed by the deactivation 
 processes. Consequently, the 01 line intensity maximizes at 1.6 key of the incident 
 electron energy for the red line and at about 8 key for the green line , while a monotonous 
increase is found in the intensity of the N2+ bands as the incident energy of electrons 
increases.  Next,  aisuming the exponential law ,  exp(-E,/p) in which  fl is a parameteric 
constant, for the differential energy spectrum of incident electrons , the luminosities of the 
above-mentioned  auroral lines are shown as the function of  IT As  /3 increases , the ratio 
of the red line intensity to the green line intensity decreases rapidly at  smaller values of 
 /1 and slowly at greater  t  values, while the ratio of the intensity at  A 3914 to the green line 
 intensity  increases in a monotonous manner from about 0 .6 at  [1=1 key to about 8 at 
 /.?  —20  kev. Comparing the result with some of the observational data of auroras, a 
suggestion is given about the energy spectrum of electrons causing auroras .
1. Introduction 
   The energy spectrum of primary electrons precipitating into the upper atmosphere 
is of  particular importance in connection with the mechanism for causing their  precipita-
tion. The direct measurements of precipitating energetic electrons producing auroras 
have been succeeded in recent years by the use of rockets and satellites  (Mcllwain, 
 1960; O'Brien,  1962  ; O'Brien and Laughlin,  1962  ; O'Brien ,  1964  ; Cummings et al., 
1966). The observed results indicate that the flux and the energy spectrum of these 
electrons are quite variable from event to event. On  the other hand , significant changes 
in the relative intensities of some of the auroral lines have been found and ascribed to 
the variety of the energy spectrum of electrons precipitating into the atmosphere . A 
height profile of the luminosity of an auroral line is also characterized by the energy 
spectrum of incident electrons, and Belon et al.(1966) have made a detailed analysis 
of the energy spectrum from the observed  profile of the  N.  X 3914 luminosity. 
   In the preceding paper  (Kamiyama, 1967), a description was made of the 
characteristic features of some of the auroral lines resulting from precipitating 
 electrons having certain incident energies, and a remarkable difference has been found 
between  the ratios of the Of X 6300 intensity to the  N,' X 3914 intensity for the incident
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energy,  E0=10 key, and for  E0-100 key. In this paper, an attempt is made to examine 
theoretically the dependence of the relative intensities of some of the auroral lines upon 
the energy spectrum of incident electrons. For  this purpose, first, the intensities at XX 
6300, 5577, and 3914 resulting from an isotropic incidence of a unit flux (1 electron  cm-2 
 sec-1 ster-1) of mono-energy electrons are calculated as the function of the incident energy. 
Then the result is applied to fluxes of electrons having various energy spectra. 
2. Excitation rate 
   According to Takayanagi and Yonezawa  (1961), about  0.3n(0)/N per secondary 
electron produced by electron impact are excited to the 0(15) state through 
 0  (3P)  +  es  0  (1S)  +  , (1) 
and about  0.05n(N2)/N per secondary electron are excited to the  N.,+(B2v„-') state 
through 
 N2  (X1  Eg+) +  es  N2+ (B2  E„') + e +  e,  , (2) 
where n denotes the concentration of molecules shown  in  parentheses, N the total 
concentration, and a secondary electron is indicated by the subscript  S. The cross sec-
tion for the excitation to the  O(1D) state is larger than that to the  0(1S) state by a fac-
tor of about 11, averaged over the energy range concerned (Seaton, 1953). Hence, a 
major part of the excitation to  0(1D) is obtainable from that to  0(1S). However, an 
additional excitation to the  'El state arises from the dissociative recombination of  02+, 
which will be considered later. As for the excitation to  (B2\-,:), the contribution 
from primary electron through 
           N2 (Xl eP N2+ (B2 + es + ee  (3) 
should be considered. Here,  en denotes a  primary electron. The cross section for the 
excitation of the (0, 0) first negative bands of  N,'  by electron impact is measured  by 
Stewart (1956) and Hayakawa et  al.(1965). 
   Then, the results of the previous paper  (Kamiyama, 1966), in which the energy 
of a primary electron and its  ionizing effect is given as the functions of altitude in a 
model atmosphere adopted from the study by Harris and Priester  (1962), is applicable 
to the present study. The method adopted is outlined briefly here. The energy loss 
per unit length of a path traversed by an electron through inelastic collisions is given, 
in the energy range concerned, by one of the  Heitler's equations (1954), 
             3,t21               clEdx-N(z)(f),- Z -v/[ln-22  , (4) 
     E where E denotes the kinetic energy of an electron, x the path length in cm traversed by 
an electron, N(z) the number density at an altitude z,  Z  the atomic number,  (1), the 
classical cross section for Thomson scattering  (6.65x  10-25cm2),  ft the rest energy of 
an electron, and I the mean ionization potential of an atmospheric particle. The 
equation was solved numerically, and the results for the various incident energies 
and pitch angles obtained in the previous paper are reproduced here in Fig. 1. The
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conclusion derived from the figure is that electrons with the incident energy of 1  key are 
stopped in a wide range of height from about 140 km to 250 km , while high energy 
electrons penetrate into the atmosphere below 100 km and release most of their energy 
in a narrow height range. 
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 Fig.  1 Energy of a precipitating electron as the function of altitude for the different incidnet 
       energies and pitch angles. 
   A part of the energy absorbed in air is available for ionizing and exciting atmos-
pheric molecules. According to Valentine and Curran (1958), one ion pair is produced 
by  the  absorption in air of an average of  35ev through electron impact. Hence, 
the production rate of secondary electrons is readily estimated from the energy loss 
given by  (1). For the incident energies, 1  key, 10  key, and 100  key, the height profiles 
of the ionization rate by electron impact have been illustrated in Figure 3 in the preced-
ing paper (Kamiyama, 1967), from which a general feature of the distribution of the 
ionization rate  may be readily supposed for any different incident energy. In this 
paper, the supplementary computations are carried out with smaller intervals of the 
incident energy. The maximum rates of the ionization and the excitations and the 
heights at which they occur are given in Table 1. The results are shown for the 
        Table 1 The maximum rates of the ionization and excitations caused by the 
                  isotropic incidence of a unit flux of mono-energy electrons. 
 Incidentionization Excitation 
energy 0(1S) 0(1D)N 24-(132E.+)    Rate Height . _  (key)  (cm-3sec-1) (km)                           Rate Height Rate Height Rate  Height 
      0.5  1.36  x  10-6 280 2.13  x10-7 280  2.27  Y,  10-6  1  280  3.87x  10-8 265      
1  1.44  10-5 160  9.48  X  10-7 160  1.01  x  10-5 160  5.94  x10-7 160 
      2  1.40  x  10-4  132  5.91  x  10-6 133  6.30x  10-5 133   5.60  x  10-6 132 
      5  8.47  x  10-4 115  1.67  x  10-5 116  1.78  x  10-4 116  3.32  /  10-5 115 
     10  1.94;.i10-3 106  4.25  x  10-5  106  4.53  x  10-4  I 106  7.37  x  10-5 106 
     20  4.61/  10-3  . 100  7,29  x  10-5 100  7.78  x  10-4 100  1.69  x  10-4 100 
     50  1.24  y  10-2  i 90  1.54  Y.  10-5 100  1.65  x  10-4 100  I  4.75  x  10-4 90 
    100  2.81  10-2 88  8.41x  10-6 100  8.97  x  10-5 100  1.15  x  10-3 88 
  •    
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isotropic incidence of a unit flux,  1 electron  cm-2sec  -'ster-1, of mono-energy electron. 
Some uncertainty may be contained in the values, because the computation was 
carried out at every 1 km-interval. (From the same reason, the  cruves  in Figure 3 in the 
preceding paper are much less accurate around their maxima, because the estimates 
were made at every 5 km-interval.) Thus, as the incident energy increases, the 
heights at which the excitation rates maximize are lowered. In addition, precipitating 
electrons with  relatively low incident energies result in the low ionization and excitation 
rates in a wide region of the atmosphere, while high energy electrons give rise to the 
high ionization rate in a narrow region. For high  incident energies exceeding  20  kev, 
the excitation rates of atomic oxygen maximize at about 100  km, because of  the 
extremely small fraction of atomic  oxygen to the total in the region below 100 km. 
3. Luminosity of Aurora 
   In estimating the emissions of some of the auroral  lines, the  deactivation  processes 
are of considerable importance,  especially for the forbidden transitions. According  to 
Seaton (1958), the ratio r of the collisional  deactivation to the radiative transition of 
 0(1D) is expressed as 
                                        2.0 x 10-9/1 
 r  =  3.2  x 10-12N+(5)                                1
+ 3.1) x  10-1In (0) 
Hence, the red line emission is given by multiplying the excitation rate to the 0(1D) 
state by the factor of  fd---1/(1+r). As for the  'S 'D transition, the  probability of 
the emission is given by 
                                     A32  f
s=(6)                                A
„A32 + d, 
where  A31 and A32 denote the transition probabilities  for  15-3P  and  'S—'11), respectively, 
and  d3 the deactivation probability for the  15 state. Then, from the study by Seaton 
 (1958),  f, can be expressed as 
 f, = 1.06 x (1  +  1 x  10-73  N)-1 (7) 
Thus, the luminosity of the green line is given by multiplying the excitation rate to 15 
by the factor of  f5. The probability  J decreases remarkably with the decrease in 
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height below  200 km, whereas  fs decreases much more slowly in the height range  con-
cerned. Some of the values  for fa and  fs at certain heights are listed in Table 2. 
   Thus, the intensities of the lines in an overhead aurora are given by the integrations, 
with respect to  height, of the respective emission rates. The results obtained for the  OI 
 lines  and for  the (0,  first  negative bands of  N,'" produced by the isotropic incidence 
of a unit  flux of  mono-energy electrons are shown in Fig. 2 as the function of the 
incident energy. For the red line of  0I, an additional excitation to the 1D state resulting 
from the dissociative recombination  process, 
                         e  0 ('D) + 0  ,                                             (8)
 has been taken into account. In the preceding paper, the contribution from this 
process was  estimated to be about 12% of the excitation by the impact of secondary 
electron. For a unit flux of incident electrons, the  OI red line intensity maximizes at 
about  1.6  key of the incident energy, and the green line shows the broad maximum 
intensity around 8  ke• of the incident energy, while the luminosity the of  N,± first 
negative bands increases in a monotonous manner with the incident energy of primary 
electrons. 
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              Fig.  2 Intensities at  A.k 3914, 5577, and 6300resulting from the 
                     isotropic incidence  of a unit  flux of mono-energy electrons 
 (1 electron  cm-2sec  Ister-1) as the function of incident  energy. 
4. Dependence of the relative intensities of the auroral lines upon the energy 
     spectrum of incident electrons. 
   From the analysis of the observed luminosity profile of the  N,'" first negative bands 
 in aurora,  lielon et al. (1966) have concluded that the most fitting  differential spectral 
form  for  incident  electrons  is  (E0-412)  exp(-E0//3)dE0 in  which they have found  13 to be
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2.05  (key) and  y to be 1. On the other hand, most of the direct measurements of 
precipitating electrons  in. a relatively high energy range have shown energy  spectra of 
the simple exponential law. As is obvious,  EOM in the spectrum form derived  by 
Belon et al. is  significant in a lower energy range because the spectrum attains to the 
maximum at  Eo=i3y, but becomes less important towards a higher incident energy. 
In this paper, a differential flux is assumed to be given by the simple  exponential law 
                 d  I =  Io  exp (—  EJ/3)  dE, (9) 
in which  I, is an appropriate constant. The effect of the power term introduced by 
Belon et al. will be discussed briefly later. 
   From the result for mono-energy electrons, the intensities of the auroral lines at 
XX 3914, 5577, and 6300 resulting from an isotropic incident flux of  electrons having 
the energy spectrum expressed by (9) with  I  —107cm-2sec-'kev-'ster-'  can be readily 
computed, and are shown in Fig. 3 as the function of  /3. The intensities at XX 3914 and 
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 Fig. 3  Absolute luminosities at  AA  3914, 5577, Fig. 4 Relative luminosities at  A/  3914 and 
      and 6300 resulting from the isotropic in- 6300 resulting from the isotropic in-
      cidence of electrons having the differen- cidence of electrons having the  differen-
      tial energy spectrum,  To exp  (-E0/13) dE0 tial energy spectrum,  To exp  (E0/(1)  dEo, 
       with  /0-107 electrons  cm-2  sec-,  kev-1 shown as the function  of  /3. 
 ster-1, shown as the function of  /3. 
    When the  /3 value is low, the red line intensity relative to the green line  inten-
 sity is enhanced remarkably. In contrast, when  /3 is high, the  N2+, first negative bands 
 are intensified extremely compared with the  OI lines. These characteristics result 
 from the fact that the relative abundance of the atmospheric constitutents varies 
 with height and that the deactivation processes for  0('D) play an important role  in
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 the  lower atmospheric region concerned. 
    According to the observed result reported by Rees (1959), the ratio of instantaneous 
intensity at X 5577 to that at X 3914 has been found to be about 1.9. Referring to the 
present result shown in Fig. 4, the relative intensity at X 3914 is expected to  be 1/1.9 
 at  fir-i1  key. In this case, the relative intensity at  X630() would be expected to be more 
than 4. In this respect, Oguti (1967) has pointed out that the red line intensity obtained 
in this paper is too large in relation to the intensities at X3914 and  X5577,  in comparison 
with any of the observational data from Syowa Base in Antarctic. Hence , the deactiva-
tion effect for  O('D) is suggested to  be more than the Seaton's estimate (1958) adopted 
in this paper. From Fig. 2, the ratio of the intensity at X 5577 to that at X 3914 is found 
to be  1.9 at about 2  key of the incident electron energy. Thus, a spectrum form which 
favors a flux of electrons having incident energies around 2  key is desirable to explain 
the observed intensity ratio. This seems to be consistent with the conclusion reached 
 by  Beton et al. (1966).  With  (3=2  key in their spectrum form, however , the ratio of the 
intensity at X 5577 to that at X 3914 would  be expected to be smaller than 1.9, because 
of a smaller contribution from electrons with incident energies below 2  key. 
 McIlwain (1960) has obtained the exponential spectrum form (9) in which  id=5 
 key for the flux of precipitating electrons with incident energies exceeding 40 key . In 
so far as the energy  spectrum is assumed as (9), observed results of auroras lead to a 
considerably small value for  (3 compared with that in the spectrum in the higher 
energy range. Therefore, a suggestion may be made that the aurora is produced mainly 
by relatively low energy electrons  having an energy spectrum different from that in the 
higher energy range. 
5. Summary 
   (1) The luminosity of some of the auroral lines are calculated as the function 
of incident energy for an isotropic incidence of a unit flux of electrons . The maximum 
luminosity is found at about 1.6  key of incident energy for the  OI red line and at about 
8  key for the  OI green line, while the luminosity of the  N2+ first negative group increases 
in a monotonous manner with an incident energy of electrons . 
   (2) Assuming the differential energy spectrum of incident electrons to be expres-
sed  by  exp(-E0/73)dEo, the absolute and relative luminosities at XX 3914, 5577, and 6300 
are shown as the function of  13. The relative luminosities of the  OI lines , especially 
of the red line, are remarkably suppressed at larger values for  /9. This results from 
the smaller relative abundance of atomic oxygen and from the greater significance of 
the deactivation processes in the lower region in which precipitating electrons  with 
higher incident energies release most of their energies. 
   (3) A comparison of the present result with the observational fact that the 
luminosity at X 3914 relative to that at  X 5577 is  1/1.9 suggest a considerably low value 
 ( key) for  19 in the simply assumed spectrum form,  exp(-E043). In order to  be 
consistent with the observation, an  energy spectrum is required in which there is a 
large enough number of electrons with lower incident energies around 2 key and in
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which the number of electrons fall rapidly towards higher incident energies. 
   (4) Any measurement of the instantaneous luminosities of the auroral  lines is of 
considerable interest. Their relative intensities will present information about the 
energy spectrum of incident electrons, and the absolute intensities will make it  possible 
to estimate the flux of these electrons. 
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